The acid extractable organics (AEOs) containing naphthenic acids (NAs) in groundwater 20 overlying undeveloped shale gas (Saint-Édouard region) and tight oil (Haldimand sector, Gaspé) 21 reservoirs in Québec, Canada, were analysed using high resolution Orbitrap mass spectrometry 22 and thermal conversion/elemental analysis -isotope ratio mass spectrometry. As classically 23 defined by C n H 2n+Z O 2 , the most abundant NAs detected in the majority of groundwater samples 24 were straight-chain (Z = 0) or monounsaturated (Z = -2) C 16 and C 18 fatty acids. Several 25 groundwater samples from both study areas, however, contained significant proportions of 26 presumably alicyclic bicyclic NAs (i.e., Z = -4) in the C 10 -C 18 range. These compounds may 27 have originated from migrated waters containing a different distribution of NAs, or are the 28 product of in situ microbial alteration of shale organic matter and petroleum. In most 29 groundwater samples, intramolecular carbon isotope values generated by pyrolysis (δ 13 C pyr ) of 30 AEOs were on average around 2-3‰ heavier than those generated by bulk combustion (δ 13 C) of 31 AEOs, providing further support for microbial reworking of subsurface organic carbon. 32
• NAs were found in groundwater overlying undeveloped shale gas and tight oil plays. 43
• Most abundant NAs were straight-chain or monounsaturated C 16 and C 18 fatty acids. 44
• Alicyclic bicyclic NAs (Z = -4) were detected in several groundwater samples. 45
• Natural background source of organic contaminants prior to hydrocarbon extraction. 46 47
Introduction 48
Naphthenic acids (NAs) are a complex mixture of alkyl-substituted acyclic and 49 cycloaliphatic carboxylic acids described by the general chemical formula C n H 2n+Z O 2 , where n 50 indicates the carbon number and Z is zero or a negative, even integer that specifies the hydrogen 51 deficiency resulting from ring formation (Clemente and Fedorak, 2005) . Found naturally in crude 52 oil deposits, NAs are toxic to a wide range of aquatic organisms including microalgae (Debenest 53 et al., 2012) , fish (Marentette et al., 2015; Scarlett et al., 2013) , and amphibians (Melvin and 54 Trudeau, 2012) , and also pose a problem during oil refining due to their corrosivity (Jayaraman 55 et al., 1986; Laredo et al., 2004; Tomczyk et al., 2001) . Due to their high abundance in bitumen, 56 most recent research into the environmental behaviour and fate of NAs has been focused on 57 northern Alberta's Athabasca oil sands region, where the alkaline water hot extraction process 58 used in surface mining concentrates these compounds in oil sands process-affected water 59 (OSPW). Potential seepage of the large volumes of OSPW stored in tailings ponds (Ahad et al., western USA, normal (C n H 2n O 2 ) and isoprenoid (C n H 2n-2 O 4 ) acids were found to be the major 86 extractable acidic constituents (Eglinton et al., 1966; Haug et al., 1971 ). Naphthyl-carboxylic 87 acids and cycloaromatic acids were also partly identified Haug et al. (1971) . Exploiting the much 
Extraction of acid extractable organics (AEOs) 168
Prior to crushing, shale cores were split into approximately 1 cm thick "disks" using a 169 stainless steel hammer and chisel rinsed with methanol, dichloromethane (DCM) and hexane. 170
Around 1 cm from the edges of the disks were chipped off and discarded. Samples F7 and F8 171 were homogenised using a metallic mortar and pestle, whereas samples F20 and F21 were 172 homogenised using a SPEX SamplePrep (Metuchen, NJ) 8500 Shatterbox grinding mill. The 173 stainless steel grinding container and puck were cleaned with solvents between samples. 2016), the more robust homogenization technique used to prepare these two samples (i.e., 226 electric mill versus manual grinding) may have also contributed to this difference. 227
The concentrations of total AEOs in all groundwater samples were low, ranging from 0.1 228 to 1.0 mg/L in the Haldimand sector and from 0.1 to 1.9 mg/L in the Saint-Édouard region 229 (Supplementary data, Table S1 ). The concentrations of total AEOs in seeps from the Haldimand 230 sector were slightly higher at 2.1 and 4.0 mg/L for samples POT2 and S1, respectively. The low 231 levels of AEOs in groundwater observed here were similar to those found in background surface 232 water and groundwaters in the Athabasca oil sands region not significantly impacted by bitumen, 233 (Table S1 ) was highest in 237 oil (39.4%), seep (16.7 to 59.4%) and shale samples (34.1 to 73.8%) compared to groundwater 238 samples from both Saint-Édouard (3.7 to 12.3% and 0.5 to 9.7% in observation and residential 239 wells, respectively) and Gaspé regions (0.7 to 4.8%). The most common compounds found 240 within the O 2 species class in shale and the majority of groundwater samples were straight-chain 241 (Z = 0) or monounsaturated (Z = -2) C 16 and C 18 fatty acids (Table 1) Regardless of geological unit, the distributions in all four Saint-Édouard region shale 268 samples were similar and dominated by C 10 to C 18 NAs ranging from Z= -2 to Z= -16 (Table 1  269 and Figure 2) . The compounds included a suite of NAs with Z = -8 and -10 in the C 8 to C 16 270 range, which given the number of carbon atoms points to compounds containing aromatic rings 271 ( Figure 2) . Relatively smaller proportions of monocyclic NAs or monounsaturated fatty acids 272 (i.e., Z = -2) and presumably alicyclic bicyclic NAs (Z = -4) in the C 11 to C 18 range were also 273 detected ( Figure 2 ). With the exception of a minor component of C 8 to C 10 Z = -8 NAs, none of 274 the compounds shown on Figure 2 were found in shale process blanks (Figures 2 and S1) . 275
Bearing in mind the dominant C 16 and C 18 fatty acid peaks found in most samples, the NA 276 distributions in the majority of groundwaters (as represented by wells F7 and PH-02 on Figure  277 2), irrespective of regional origin (Saint-Édouard or Gaspé) or well type (observation, residential, 278 municipal), could in general be characterized as containing very low amounts of a narrow range 279 of NAs. The exceptions to this pattern were three wells from the Saint-Édouard region (F2, F4 280 and Zone 10R) and one from the Gaspé region (POH-11-14); all four of which contained 281 noticeably more significant levels of presumably alicyclic bicyclic (Z = -4) C 10 -C 18 NAs (Figure  282 2). Interestingly, in the Saint-Édouard region, several of these wells (Zone 10R and F2) were 283 Figure S3 ). Other than the distinct offset between δ 13 C and δ 13 C pyr 346 values, the lack of any discernible trends in isotopic data is attributed to the overall low 347 proportions of O 2 and dominance of C 16 and C 18 fatty acids in most groundwater samples. 348
Although the proportion of O 2 is relatively high in shale and petroleum samples ( Figure 3 , Table  349 S1), the organic matter in the Saint-Édouard and Gaspé regions has not been subjected to the 350 same geological processes which has resulted in much more enriched δ 13 C pyr values (i.e., ~ -351 21‰) in oil sands bitumen AEOs. For instance, the significantly more depleted δ 13 C pyr compared 352 to bulk δ 13 C value in the Haldimand oil sample (Figure 4) conforms to the notion of petroleum 353 that has not undergone extensive degradation, since carboxyl group carbon is generally presumed 354 to be isotopically lighter than the rest of the carbon atoms in the molecule (Sun et al., 2004) . and could potentially explain the most enriched δ 13 C pyr value of -19.5‰ found in well F7, a 361 sample that contained high percentages of Z = 0 and -2 C 16 and C 18 (Table 1) . 362 However, a range of C 10 to C 18 , Z = -4 to Z = -12 NAs were also found, with several samples 370 containing relatively greater proportions of potentially toxic alicyclic bicyclic acids (i.e., Z = -4). 371
The occurrence of these compounds points to a natural background source of organic 372 contaminants prior to large-scale hydrocarbon development. Moreover, their detection in wells 373
near fault zones implies a potential for migration of NAs during extraction activities such as 374 hydraulic fracturing, as has been reported for other organic contaminants in the Marcellus Shale 375 region (Llewellyn et al., 2015) . In the Saint-Édouard region, however, recent work has shown 376 that faults are not likely to offer a fluid flow-path reaching all the way to the Utica Shale • NAs were found in groundwater overlying undeveloped shale gas and tight oil plays.
• Most abundant NAs were straight-chain or monounsaturated C 16 and C 18 fatty acids.
• Alicyclic bicyclic NAs (Z = -4) were detected in several groundwater samples.
• Natural background source of organic contaminants prior to hydrocarbon extraction.
